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Abstract—This paper considers a multiuser cellular two-way
relay network (cTWRN) where multiple users exchange informa-
tion with a base station (BS) via a relay station (RS). Each user
is equipped with a single antenna, while both the BS and the
RS are equipped with a very large antenna array. We investigate
the performance of the cTWRN with amplify-and-forward (AF)
based physical-layer network coding, and derive closed-form
expression for the asymptotic spectral efficiency when both the
number of antennas at the BS and the RS grow large. It is
shown that the noise propagation of the non-regenerative relaying
protocol can be greatly suppressed, and the AF relaying scheme
can approach the cut-set bound under certain conditions. We also
investigate the performance of the AF relaying scheme under two
power-scaling cases, and show that the transmit power of the BS
and each user can be made inversely proportional to the number
of relay antennas while maintaining a given quality-of-service.
Numerical results are presented to verify the analytical results.
Index Terms—Multiuser two-way relaying, large antenna ar-
ray, zero-forcing processing, spectral efficiency.
I. INTRODUCTION
The two-way relaying (TWR) technique has been general-
ized to multiuser cellular networks recently [1], [2], where
multiple users communicate with a base station (BS) via the
help of a relay station (RS). Several efficient amplify-and-
forward (AF) and decoded-and-forward (DF) based multiuser
relaying protocols have been proposed for the cellular two-
way relay network (cTWRN) [1]–[5]. It was shown that
multiuser two-way relaying has the potential to increase net-
work throughput, extend the coverage, and reduce the power
consumption of mobile terminals.
On a parallel avenue, multiple-input multiple-output
(MIMO) systems with very large antenna arrays (also known
as “massive MIMO”) have attracted a lot of research interest
recently [6]–[8]. It was shown in [7] that an array of a very
large number of antennas can reduce the effect of noise,
average the small-scale fading, mitigate inter-user interference,
and improve the spectral efficiency with simple linear signal
processing techniques, such as matched-filtering (MF), or
zero-forcing (ZF) precoding/detection. With these advantages,
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massive MIMO has been considered as a promising technique
in future cellular networks [8].
The spectral efficiency of the two-way relay network
(TWRN) can be further improved with very large antenna
arrays [9]–[11]. In [9], the authors investigated the power
efficiency of a half-duplex multi-pair AF TWRN with a large
antenna array at the relay. It was shown that the transmit power
of the sources can be greatly reduced while maintaining a
given quality-of-service. For full-duplex multi-pair one-way
relaying, the authors in [10] showed that the loop interference
can be significantly reduced with massive receive antenna
array at the relay.
In this paper, we consider the cellular two-way relay net-
work, where multiple single-antenna users communicate with
a base station via the help of a relay station. Both the BS
and the RS are equipped with very large antenna arrays.
We consider an amplify-and-forward physical-layer network
coding (PLNC) scheme based on signal space alignment and
zero-forcing processing, which will be referred to as SA-ZF in
the following. Note that this scheme was originally proposed
in [1] for a special case of cTWRN where the number of
antennas at the BS and the RS are equal to the number of
users, which has a relative low complexity as compared with
DF-based relaying schemes [4], [5]. However, due to the noise
propagation, there was at least 3 dB performance loss as
compared with the cut-set bound when both the BS and the
RS are equipped with a finite number of antennas [1], [5].
In this paper, we analyze the spectral efficiency of the SA-
ZF relaying scheme when both the number of BS and RS
antennas grow large. It is shown that the noise propagation
effect can be greatly suppressed, and the SA-ZF scheme with
very large antenna arrays can approach the cut-set bound under
certain conditions. We also investigate two power-scaling cases
and show that the transmit power of the BS and the users can
be made inversely proportional to the number of relay antennas
while maintaining a given quality-of-service. Numerical results
are presented to verify the analysis. Both analytical and numer-
ical results reveal that the cellular two-way relaying with large
antenna arrays and simple linear processing can mitigate the
inter-stream interference (ISI), average the fast fading, reduce
the power consumption and improve the spectral efficiency of
the cTWRN as in point-to-point massive MIMO systems.
The rest of the paper is organized as follows. Section
II describes the cTWRN model and the AF-based SA-ZF
scheme. Sections III provides asymptotic performance anal-
ysis. Numerical results are presented in Section IV, followed
by the conclusions in Section V.
II. SYSTEM MODEL
We consider a multiuser cellular two-way relay network
as shown in Fig. 1. There is no direct link between the BS
and the users due to path-loss and shadowing, and the BS
communicates with K users via a single relay station. The
BS is equipped with NB antennas, the RS with NR antennas,
and each user with single antenna. The channels form the BS
and the k-th user to the RS are denoted by HBR ∈ CNR×NB
and hk,R ∈ CNR×1, respectively, while those from the RS
to the BS and the k-user are denoted by HRB ∈ CNB×NR
and hTR,k ∈ C1×NR , respectively. We assume all the nodes
are half-duplex and each round of bidirectional data exchange
consists of two phases.
In the first phase, the BS and all the users transmit to the
RS simultaneously. Let sB ∈ CK×1 denote the information
symbol vector to be transmitted at the BS with E[sBsHB ] =
IK . The transmit signal of the BS is given by
xB = FBsB, (1)
where FB ∈ CNB×K is the precoding matrix at the BS. The
transmit signal of the k-th user is
xU,k =
√
PUsU,k, (2)
where PU is the transmit power and sU,k denotes the unit-
power information symbol. In the first phase, the received
signal at the relay is given by [5]
yR = HBRFBsB +
√
PUHURsU + zR, (3)
where HUR = [h1,R, . . . ,hK,R], sU = [sU,1, . . . , sU,K ]T ,
and zR ∼ CN (0, σ2INR) denotes the additive white Gaussian
noise (AWGN) at the RS. The channel matrix HBR can be
represented as HBR =
√
ℓBH˜BR, where ℓB represents the
path-loss from the BS to the relay, and H˜BR represents the
normalized small-scale fading coefficients matrix. Similarly,
HUR =
√
ℓUH˜UR, where ℓU denotes the path-loss from the
users to the relay, and H˜UR denotes the small-scale fading
coefficients matrix.
Based on the signal model in (3), linear precoding is
employed at the BS, with the precoder given by
FB = αBH
†
BRHUR, (4)
where H†BR = H
H
BR
(
HBRH
H
BR
)−1
, and αB is a con-
stant to meet the transmit power constraint at the BS:
E
[
tr
(
xBx
H
B
)]
= PB . With such precoding, the received
signal at the RS is given by
yR = HUR
(
αBsB +
√
PUsU
)
+ zR. (5)
Upon receiving yR, the transmit signal at the RS is regen-
erated as
xR = WRyR, (6)
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Fig. 1. A cellular two-way relay network with K users.
where WR ∈ CNR×NR is the linear processing matrix.
With an array of a very large number of antennas, the RS
is able to null out the inter-stream inference completely. The
ZF receiving and transmit precoding matrix at the RS is given
by
WR = αRH
†
RUH
†
UR. (7)
where αR is chosen to meet the relay power constraint:
tr
(
E
[
xRx
H
R
])
= PR, and HRU = [hR,1, . . . ,hR,K ]T .
In the second phase, the relay broadcasts xR to the BS and
the users. The received signal at the BS and the k-th user is
respectively given by
yB = HRBxR + zB, (8)
and
yU,k = h
T
R,kxR + zU,k, (9)
where zB ∼ CN (0, σ2INB ) and zU,k ∼ CN (0, σ2) denote
the AWGN at the BS and the k-th user, respectively. Without
loss of generality, we assume the channels are reciprocal that
HRB = H
T
RB and hR,k = hk,R, ∀k.
From (3)-(8), the received signal at the BS can be expressed
as
yB = HRBWRHBRxB +HRBWRHURxU
+HRBWRzR + zB.
(10)
Note that the first term on the right hand side of the above
equation is the self-interference (SI) which is known by the BS
and can be subtracted before signal detection. After removing
the SI, a zero-forcing detection matrix WB ∈ CNB×K is
applied to estimate the messages from the users as
y˜B = W
H
B (yB −HRBWRHBRxB), (11)
where the ZF receiving matrix WB is given by
WB =
(
HRUH
†
RB
)H
. (12)
Substituting (12) into (11), the received k-th data stream at
the BS is given by
y˜B,k = αR
√
PUsU,k + αRw
H
U,kzR + h
T
R,kH
†
RBzB, (13)
where wU,k denotes the k-th column of the matrix (H†UR)H .
For the users, there is no ISI since ZF precoding is used at
the RS. From (3) into (7), the received signal at the k-th user
after removing the self-interference can be expressed as
y˜U,k = αRαBsB,k + αRw
H
U,kzR + zU,k. (14)
Based on (13) and (14), both the BS and the MSs are able
to estimate the designated messages from the received signal.
III. ASYMPTOTIC PERFORMANCE ANALYSIS
In this section, we analyze the asymptotic performance of
the SA-ZF linear processing scheme with large antenna array
at the BS and the RS, i.e., NB ≫ K and NR ≫ K . We first
consider a fixed power case that the transmit power budgets at
the BS, the RS and each user are fixed as PB = EB, PR = ER
and PU = EU , where EB , ER and EU are fixed numbers.
Then, we will investigate two power-scaling cases to show
that the users’ transmit power can be significantly reduced
while maintaining a good performance.
A. Asymptotic Spectral Efficiency for the Fixed Power Case
Proposition 1: For the cTWRN with a fixed number of users
and fixed power budgets PB = EB, PR = ER and PU = EU ,
when the number of antennas at the BS and the RS grow large
with a fixed ratio, i.e.,NB → +∞, NR → +∞, and θBR =
NB
NR
is fixed, the asymptotic signal-to-noise ratios (SNRs) at
the users and the BS for the SA-ZF linear processing scheme
are given by
γU,k =
NR(θBR − 1)ℓUℓBEBER
K [ℓU (ER +KEU ) + (θBR − 1)ℓBEB ]σ2 , (15)
and
γB,k =
NR(θBR − 1)ℓBℓUEREU
[(θBR − 1)ℓB(ER + EB) + ℓUKEU ]σ2 , (16)
respectively, where k = 1, . . . ,K .
Proof: First, consider the power normalizing factors αB
and αR. With large antenna arrays at the BS and the RS, from
(4), αB can be determined by
αB =
√√√√√ EB
E
{
tr
[
HURH
H
UR
(
HBRH
H
BR
)−1]}
=
√√√√√ EB
KℓUE
{
tr
[(
HBRH
H
BR
)−1]}
=
√
(NB −NR)ℓBEB
NRKℓU
,
(17)
where in the last step we used the identity E
[
tr(X−1)
]
=
M
N−M
, when X is a M ×M central Wishart matrix with N
degrees of freedom [12].
From (5), (6) and (7), we have
αR =
√√√√√ ER
(α2B + EU )E
{
tr
[(
HRUH
H
RU
)−1]}
=
√
(NR −K)ℓUER
K(α2B + EU )
.
(18)
Now consider the received SNR at the k-th user. Note that
the variance of the noise wHU,kzR in (14) is given by [10]
Var
[
wHU,kzR
]
= σ2E
[(
(HHURHUR)
−1
)
kk
]
=
σ2
ℓU
E
[(
(H˜
H
URH˜UR)
−1
)
kk
]
=
σ2
KℓU
E
[
tr
(
(H˜
H
URH˜UR)
−1
)]
=
σ2
(NR −K)ℓU .
(19)
From (14), the received SNR at the k-user is
γU,k =
α2Rα
2
B
α2RVar
[
wH
U,k
zR
]
+ σ2
=
(NR/K − 1)(θBR − 1)ℓUℓBEBER
[ℓU (ER +KEU ) + (θBR − 1)ℓBEB]σ2 .
(20)
Using the fact that NR/K − 1 ≃ NR/K for large NR, we
obtain the result in (15).
From (13), the received SNR of the k-stream at the BS is
γB,k =
α2RPU
α2RVar
[
wHU,kzR
]
+ Var
[
hTR,kH
†
RBzB
] . (21)
With large antenna arrays, the variance of the noise term
hTR,kH
†
RBzB can be calculated as
σ˜2B,k = σ
2
E
{
tr
[(
hTR,kH
†
RB
)H
hTR,kH
†
RB
]}
= σ2E
{
tr
[(
HHRBHRB
)−1
h
∗
R,kh
T
R,k
]}
=
NRℓUσ
2
(NB −NR)ℓB .
(22)
Substituting (19) and (22) into (21), we have
γB,k =
(NR −K)(θBR − 1)ℓBℓUEREU
[(θBR − 1)ℓB(ER + EB) + ℓUKEU ]σ2 , (23)
which can be expressed as in (16) when NR ≫ K .
From proposition 1, we can see that the small-scale fading is
averaged out when both the BS and the RS are equipped with
large antenna arrays. Also, inter-stream interference dimin-
ishes with zero-forcing processing. For the cTWRN with fixed
transmit power budgets, and with fixed antenna ratio θBR,
the received SNRs at the BS and the users increase linearly
with the number of antennas at the relay, which implies that
a diversity gain of NR is achieved.
Based on the SNR expressions in (15) and (16), the asymp-
totic spectral efficiency of the cTWRN with SA-ZF linear
processing is given by
Rsum =
K∑
k=1
[C(γB,k) + C(γU,k)], (24)
where C(x) = 1
2
log
2
(1 + x).
Proposition 2: The spectral efficiency gap between the SA-
ZF scheme and the cut-set bound in the high SNR region is
∆Rsum =
K
2
log
2
[
1 +
λ(ER +KEU )
(θBR − 1)EB
]
+
K
2
log
2
[
1 +
EB
ER
+
λKEU
(θBR − 1)ER
]
,
(25)
where λ = ℓU/ℓB.
Proof: When the BS and the RS are equipped with large
antenna arrays, the network thought is bottlenecked by the
links between the users and the relay, and the cut-set bound
is given by [4]
Rsum,cs =
1
2
log
2
|INR +HHRUQRHRU/σ2|
+
1
2
log
2
|INR +HURQUHHUR/σ2|,
(26)
where QR and QU are the corresponding signaling covariance
matrices. In the high SNR regime, It is known that equal power
allocation at the RS is optimal [4], i.e., QR = ERK IK . Also,
as the users can not cooperate, QU is given by QU = EUIK .
Then using the identity det(I+AAH) = det(I+AHA), and
the approximation that HRUHHRU = H
H
URHUR ≃ ℓUNRIK
for large NR, the spectral efficiency cut-set bound at high SNR
can be written as
Rsum,cs =
K
2
log
2
(
NRℓUEU
σ2
)
+
K
2
log
2
(
NRℓUER
Kσ2
)
.
(27)
From (15), (16), (24) and (27) , we can obtain the perfor-
mance gap in (25).
From proposition 2, we conclude that the SA-ZF scheme
is able to closely approach the sum capacity of the cTWRN
under certain conditions. Specifically, if (θBR − 1)EB ≫
λ(ER+KEU ), ER ≫ EB and (θBR−1)ER ≫ λKEU , then
from (25), we have ∆Rsum → 0. This result suggests that
the spectral efficiency of the SA-ZF linear processing scheme
can approach the cut-set bound under the condition that the
transmit power of the RS is much higher than the BS and
the users (ER ≫ EB ≫ KEU ), the number of antennas at
the BS is much larger than that at the RS (θBR ≫ 1), and
the path-loss between the BS and the RS is smaller than that
between the users and the RS, such that (θBR−1)EB ≫ λER.
Note that these conditions can be satisfied in practical systems.
This result also implies that the noise propagation in the AF
cTWRN can be greatly suppressed when both the BS and
RS are equipped with large antennas arrays. In contrast, it is
known that there is at least 3 dB performance loss in the AF
cTWRN when the BS and RS are equipped with finite number
of antennas [5].
B. Power Scaling Laws
In the following, we investigate two power-scaling cases for
the cTWRN with SA-ZF relaying protocol: I) The transmit
power of the BS and the RS are fixed, while the transmit
power of each user is inversely proportional to the number of
antennas at the relay, i.e., PB = EB , PR = ER, and PU =
EU
NR
, where EB , ER, and EU are fixed; and II) The transmit
power of the RS is fixed, while the transmit power of the
BS and each user is inversely proportional to the number of
antennas at the relay, i.e., PB = EBNR , PR = ER, and PU =
EU
NR
.
For power-scaling case I, following a similar approach as
in Proposition 1, the asymptotic SNRs at the users and the BS
are given by
γIU,k =
NR(θBR − 1)ℓUℓBEBER
K [ℓUER + (θBR − 1)ℓBEB ]σ2 , (28)
and
γIB,k =
ℓUEREU
(ER + EB)σ2
, (29)
k = 1, . . . ,K,, respectively. In addition, the corresponding
spectral efficiency gap between the SA-ZF scheme and the
cut-set bound in the high SNR region is
∆RIsum =
K
2
log
2
(
1 +
EB
ER
)
+
K
2
log
2
[
1 +
λER
(θBR − 1)EB
]
.
(30)
From (28) and (29), we can see that for power-scaling case I,
the received SNR at the k-th user is proportional to the number
of antennas at the RS when θBR is fixed, while the SNRs at
the BS are constants independent of NB, NR, and the number
of users K . Hence, for a fixed number of users, the achievable
rate in the downlink increases as NR becomes larger, while the
uplink transmission rate is a constant for each user. This result
is attractive for practical cellular networks, since a higher data
rate is demanded in the downlink while a low transmit power
in the uplink can extend the lifetime of mobile stations. From
(30), we conclude that the SA-ZF under power-scaling case I
can also approach the corresponding cut-set bound, provided
that ER ≫ EB and (θBR − 1)EB ≫ λER.
For power-scaling case II, the asymptotic SNRs at the users
and the BS are given by
γIIU,k =
(θBR − 1)ℓBEB
Kσ2
, (31)
and
γIIB,k =
ℓUEU
σ2
, (32)
k = 1, . . . ,K,, respectively. In addition, we can show that
the corresponding spectral efficiency gap between the SA-ZF
scheme and the cut-set bound in the high SNR region is
∆RIIsum =
K
2
log
2
[
λNRER
(θBR − 1)EB
]
. (33)
200 400 600 800 1000 1200 1400 1600 1800 2000
30
35
40
45
Number of BS Antennas
Sp
ec
tra
l E
ffi
cie
nc
y 
(bp
s/H
z)
 
 
Cut−set  bound
Simulation
Analysis
Fig. 2. Spectral efficiency of the cTWRN with fixed power budget, K = 3
users, and NR = 200.
As in the fixed power case and power-scaling case I,
the small-scale fading is averaged out and the inter-stream
interference also diminishes. Note that both γIIU,k and γIIB,k are
independent of NR in this case. The asymptotic SNRs in (31)
and (32) show that the transmit power of the BS and the users
can be made inversely proportional to the number of relay
antennas while maintaining a given quality-of-service. Note
that reducing the transmit power of BS can help in cutting
the electricity power consumption. From (33), we see that for
power-scaling case II, there will be certain performance loss
as compared with the corresponding cut-set bound, and this
performance gap enlarges as the number of relay antennas
grow large.
Remark 1: From the above discussions, we see that with
large antenna arrays, the small-scaling fading is averaged
out, the noise propagation effect can be greatly suppressed
and inter-stream interference diminishes for both the fixed
power case and the two power-scaling cases. Among the three
considered power cases, the fixed power case achieves the
highest spectral efficiency, while the other two power-scaling
cases are attractive for practical implementation since the
transmit power of the users can be made inversely proposi-
tional to the number of relay antennas while maintaining a
good performance.
IV. NUMERICAL RESULTS
In this section, numerical results are presented to verify the
analytical results. The path-loss is chosen as ℓB = 1, ℓU =
2−3, and each element in the small-scale fading channel
matrices H˜BR and H˜UR is independently complex Gaussian
distributed with zero mean and unit variance. Unless otherwise
specified, we assume EB = 10 dBm, ER = 20 dBm, EU = 0
dBm, and the noise variance σ2 = −20 dBm.
Fig. 2 shows the spectral efficiency of a cTWRN with
K = 3 users. The relay is equipped with NR = 200 antennas.
We also plot the cut-set bound for comparison. Note that the
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Fig. 3. Spectral efficiency of a cTWRN with K = 3 users, and θBR = 10.
cut-set bound is independent of the BS-to-RS antenna ratio
θBR, since the network throughput is bottlenecked by the
links between the relay and the users. The analytical result
in (24) is also plotted in the figure, and is shown to be very
accurate. It can also be seen that as the BS-to-RS antenna
ratio θBR becomes large, the gap between the SA-ZF scheme
and the cut-set bound decreases. When θBR = 5, i.e., the BS
is equipped with NB = 1000 antennas, the gap is only 0.27
bps/Hz per user, which is agreed with the result in Proposition
2.
The spectral efficiency of the cTWRN versus the number of
relay antennas is shown in Fig. 3. There are K = 3 users and
the antenna ratio is fixed as θBR = 10. Both the fixed power
budget case and the two power-scaling cases are considered,
and the corresponding cut-set bounds are also plotted. Note
that the cut-set bounds for the power-scaling cases I and II
are the same since the network throughput is bottleneckted by
the links between the RS and the users. As shown in the figure,
the asymptotic analysis agrees with the numerical simulation
when NR ≥ 50, and the gap between the SA-ZF scheme
and the cut-set bound is small for both the fixed power case
and the power-scaling case I. For instance, the gap is within
0.2 bps/Hz per user for case I. It can also be seen that the
SA-ZF scheme with fixed power budget outperforms the other
two power-scaling cases significantly, and the performance gap
enlarges as the number of antennas at the relay increases. For
power-scaling case II, the spectral efficiency approaches to a
constant, since the received SNRs saturate when NR is large.
These results show that scaling the transmit power of the BS
and each user by 1/NR can still maintain a good performance.
In Fig. 4, the spectral efficiency of the cTWRN with
different number of users is plotted. The number of antennas
at the relay is NR = 200, and the BS-to-RS antenna ratio is
θBR = 10. For all the power cases, the achievable spectral
efficiency increases near linearly with the number of users,
and the asymptotic analysis is accurate when K ≤ 40. For
K > 40, K is comparable with NR, and there is certain
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Fig. 4. Spectral efficiency versus the number of users, NR = 200, θBR =
10. Sold lines denote simulations, while dashed lines denote analytical results.
gap between the analytical results and the simulations. Fig.
5 shows the corresponding energy efficiency of the SA-ZF
scheme, which is defined as the spectral efficiency divided by
the total consumed power. It can be seen that when K ≤ 55,
the fixed power case achieves the highest energy efficiency.
However, when K > 55, the energy efficiency of the fixed
power case is lower than the power-scaling case I. This is due
to the fact that the total consumed power increases rapidly as
the number of users increases for the fixed power case.
V. CONCLUSION
In this paper, we investigated the performance of multiuser
cellular two-way relay network with large antenna arrays at the
base station and the relay. We analyzed the asymptotical spec-
tral efficiency of the AF cTWRN with signal-space-alignment
based zero-forcing linear processing. It was shown that by
employing very large antenna arrays at the BS and the RS,
the noise propagation effect of the AF cTWRN can be greatly
reduced, the small-scale fading was averaged out, and the
spectral efficiency can be significantly improved as in point-
to-point massive MIMO systems. Both theoretical analysis and
numerical simulations showed that the transmit power of the
BS and the users can be made inversely proportional to the
number of relay antennas while maintaining a given quality
of service.
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